Groundnut or peanut (Arachis hypogaea L.) is a valuable food and forage crop in West Africa. It is important to determine yield-limiting factors and to develop suitable management practices to improve groundnut productivity. The objective of the present research was to determine the influence of fungicide application at different sowing densities on growth, biomass and yield of early and late maturing groundnut under rainfed conditions. Two groundnut cultivars (Chinese, 90 days duration and Manipinter, 120 days duration) were grown at low (8 plants/m 2 ), medium (12 plants/m 2 ) and high density (20 plants/m 2 ), with and without fungicide application, for two growing seasons (2004 and 2005). Data on leaf area index (LAI), light interception (LI) and total biomass were measured at different stages of crop development. Haulm (stem and leaf), pod and seed yields were measured at maturity. Fungicide application increased LAI, LI and total biomass of both cultivars from 65 days after sowing (DAS) until maturity. Fungicide application significantly increased pod and seed yields by 95 and 103 %, respectively, on average. In both years, the long duration cultivar Manipinter had significantly greater LAI, LI and total biomass at later stages of crop development when compared with the short-duration cultivar Chinese. The growth and yield of both cultivars were significantly less at the lowest population density when compared with medium or high population densities. There was no significant difference between medium and high population densities in haulm, pod and seed yield at maturity. It is concluded that sowing a long-duration cultivar at a density of 12 plants/m 2 with fungicide application significantly improved groundnut yields under rainfed conditions in Ghana.
INTRODUCTION
Groundnut (peanut) is an important cash crop in Ghana due to its high protein (0 . 25-0 . 30) and edible oil (0 . 48-0 . 50) content, compared with other oilseed crops in that region. The average yields of groundnut in Ghana are lower (903 kg/ha) than those in South Africa (2000 kg/ha), Asia (1798 kg/ha) or the rest of the world (1447 kg/ha) (FAO 2005) . The lower yields in Ghana are mainly attributed to leaf spot diseases and P deficiency (Naab et al. 2005) . Early leafspot (Cercospora arachidicola S. Hori) and late leafspot (Cercosporidium personatum (Ber. & Curtis) Deighton) are critical yield-limiting diseases of groundnut in Ghana and West Africa (Waliyar 1991; Waliyar et al. 2000) , accounting for yield reductions of 50-70 % where fungicides are not used (Waliyar 1991; Shokes & Culbreath 1997) . Although some recent studies have documented leafspot-tolerant cultivars (Stalker et al. 2002; Singh et al. 2003) , these cultivars are not readily available to the farmers of this region. Furthermore, induction of leafspot resistance into commercial cultivars available for use by farmers will take years. In addition, the tolerance in these cultivars may not be adequate under the high disease pressures of this region. Thus, the most important tool presently available for controlling these diseases is the use of fungicides. Previous studies by the present authors have shown significant yield improvement (up to 75 %) with fungicide application under experiment station conditions (Naab et al. 2005) . However, most of the fungicide response work has been done under the sowing density recommended for no fungicide situations. Little research has been done to document the effects of sowing density in conjunction with fungicide use on the development of leafspot disease and final yield.
Crop management practices such as date of sowing, sowing density and duration of cultivar life cycle will influence environment during the crop growth period, which in turn can affect the severity of leafspot and growth and yield of groundnut (Cox & Reid 1965; Farrel et al. 1967; Chin-Choy et al. 1982) . Thus, it is important to determine the differences in yield due to diseases under various crop management practices. Among cultural practices, many authors have emphasized the importance of plant density (Mligo & Craufurd 2007) , cultivar selection (Banterng et al. 2003) , planting date (Naab et al. 2005) and fungicide application (Dimmock & Gooding 2002; Russell 2005) and their integration (Marley 2004; Naab et al. 2005) . Altering plant population can affect crop yield, quality factors and pest development in groundnut (Kumar & Venkatachari 1971; Lanier et al. 2004) . Groundnut yield was often higher in standard twin row planting patterns (two rows spaced 0 . 18 m apart on 0 . 91 m centres) compared with single row planting (rows spaced on 0 . 91 m centres) patterns (Lanier et al. 2004) . The severity of tomato spotted wilt virus differed among planting patterns, with lower severity observed on standard twin row planting compared with single row planting patterns (Lanier et al. 2004) . Roy et al. (1980) recorded optimum pod yield with plant density ranging from 18 to 30 plants/m 2 . Mercer-Quarshie (1972) recorded maximum yield using plant densities of 22 and 33 plants/m 2 . Increasing plant density has often been shown to increase total dry matter production and numbers of reproductive components per unit land area in groundnut, but the yield response of the economically important components (e.g. mature pods and kernels) is more variable (Bell et al. 1991) . Wright & Bell (1992) reported that reproductive development was strongly influenced by plant population density, with more pods/m 2 in low (4 plants/m 2 ) than high (12 or 24 plants/m 2 ) sowing density. In contrast, Mayeux & Maphanyane (1989) reported that yields of a Spanish variety were highest at a density of 16 . 6 plants/m 2 and lowest at 3 . 7 plants/m 2 . Very low density led to prolonged flowering, uneven maturity and low shelling proportion. In Ghana the current recommendation is a 0 . 5 m row spacing with 0 . 1 m spacing in the row (20 plants/m 2 ), but the majority of farmers are unable to sow at the recommended within-row spacing because it requires more seed, which is expensive and is also labour intensive. Typical plant populations in farmers' fields range from 5 to 8 plants/m 2 .
Determining interactions of fungicides with variables such as cultivar selection and sowing density will help develop efficient production and pest management options for groundnut. The present authors hypothesize that lower sowing densities may be feasible with longer season cultivars when combined with the use of fungicide for obtaining greater yields. The objective of the present research was to evaluate the effects of fungicide and sowing density on the growth and yield of early and late maturing groundnut cultivars grown under rainfed conditions.
MATERIALS AND METHODS
Field research was conducted during the 2004 and 2005 growing seasons at the Savanna Agricultural Research Institute farm at Wa (latitude 9 . 0xN, longitude 2 . 0xW, 390 m asl). The soil at the experimental site was a sandy loam with pH of 6 . 3, organic matter content of 4 . 9 g/kg, total N of 0 . 6 g N/kg and available Bray-1 P of 15 . 1 mg/kg soil in the top 0 . 45 m of soil. Daily rainfall, maximum and minimum temperatures ( Fig. 1 ) and sunshine hours were recorded by an automatic HOBO weather station (Onset Corporation, Pocasset, MA, USA) located at the experimental site.
Treatments and crop husbandry
Two groundnut cultivars, Chinese (90 days duration) and Manipinter (120 days duration), were sown at three densities, 8 (low), 12 (medium) and 20 (high) plants/m 2 , with (+F) and without (xF) fungicide application. The experimental design was a randomized complete block in a split-split arrangement with four replications. Main plot treatments were fungicide levels, sub-plot treatments were cultivars and sub-sub-plot treatments were sowing densities. Main plot size was 16r12 m, sub-plot size was 8r12 m and sub-sub-plot size was 8r4 m (eight rows).
Each year before sowing, the field was disc ploughed and harrowed. Following field preparation, single super phosphate fertilizer (0 . 16 P 2 O 5 ) was applied to the seedbed at a rate of 60 kg P 2 O 5 /ha and incorporated into the soil using hoes. Seeds were sown on a flatbed in rows at a spacing of 0 . 50 m and intra-row spacing of 0 . 25 (low density), 0 . 16 (medium density) or 0 . 10 m (high density) depending on the sowing density. Sowings were done on 19 June 2004 and 23 June 2005. In the fungicide-treated plots, Folicur (Tebuconazole, Bayer Crop Science) at 0 . 22 kg a.i./ha was sprayed beginning 21 days after sowing (DAS) and at 14-day intervals until harvest. There were a total of four sprays during the growing season. Fungicide was sprayed using a back-mounted 15-litre knapsack sprayer with a spray volume of 150 litres/ha. Weeds were controlled manually, using hoes, when necessary.
Plant measurements
Leaf area index (LAI) and light interception (LI) were measured at 65, 77 and 88 DAS in 2004 and at 63, 74, 83, 90, 98 and 120 DAS in 2005 by taking the average of six parallel (Board & Harville 1992 ) measurements per plot, three along the base of the row and three in the middle of the row. All LAI and LI measurements were made between 12:00 and 14:00 h in full-sun conditions using a 1 m long SunScan Canopy Analyser (Delta-T Devices Ltd, Cambridge, England). Penetration of photosynthetically active radiation (PAR) below the canopy was measured and a beam fraction sensor on a tripod was used to simultaneously measure incident light above the canopy. LI was calculated as the difference between incident and transmitted light divided by incident light.
Time series data on growth and dry matter production were measured at 33, 51, 65, 83 and 120 DAS in 2004 and at 46, 57, 75, 89 and 124 DAS in 2005 . During each sampling, plants from two 1 m long rows were harvested and separated into leaves, stems and pod components. The components were oven-dried for 2-3 days at 70 xC before weighing. Total dry weight (TDW) (weight of leaves, stems and pods) and pod harvest index (PHI) (ratio of pod weight to TDW) were computed from individual component dry weights.
Severity of leafspot disease was rated using the Florida scale of 1-10 (Chiteka et al. 1997 ; 1=no disease or defoliation and 10=completely defoliated and killed by leafspot) based on visual observation at 93 and 98 DAS in 2004 and 2005, respectively. At maturity, the middle two rows (each 8 m long) were harvested to determine pod yield per hectare.
All data were analysed using standard analysis of variance techniques for split-plot experiment in STATISTIX 7 statistical package (Analytical Software, Tallahassee, FL, USA).
RESU LTS

Incidence and severity of leafspot disease
There were significant (P<0 . 01) effects of fungicide and cultivar treatment on disease scores and proportional defoliation in both years ( 2005, respectively) compared with the late maturing Manipinter cultivar (0 . 27 and 0 . 24, respectively).
There was no influence of sowing density on visual disease scores. There were no interactions between fungicide and cultivar, fungicide and sowing density, and cultivar and sowing density on either disease scores or proportional defoliation in both years. The higher order interaction between fungicide, cultivar and density was significant (P<0 . 05) for both disease scores and defoliation in both years ( Fig. 2) . Application of fungicide on the early maturing cultivar Chinese at the highest density was not as effective when compared with all other treatments, thus resulting in higher disease scores and defoliation (Fig. 2) . (Table 1 ). In 2004, there were no significant differences between cultivars on LAI except at 41 and 88 DAS. At 41 DAS, the early maturing cultivar Chinese had higher LAI (1 . 4) than the late maturing cultivar Manipinter (1 . 0). In contrast, at 88 DAS cultivar Manipinter had a higher LAI (3 . 4) than cultivar Chinese. In 2005, cultivar Manipinter had higher LAI than the early maturing cultivar Chinese on all days of measurements after 63 DAS.
LAI was significantly influenced by sowing density on all dates of measurement except at 88 DAS in 2004. At 58, 65 and 77 DAS, LAI at medium and high sowing densities was greater than that at the lowest density. In 2005, LAI was higher at high sowing density than at the low sowing densities only at 63 DAS. Overall, there were no significant differences in medium and high sowing density.
There was an interaction (P<0 . 05) between fungicide by cultivar on LAI at 77 and 88 DAS in 2004, and at 98 DAS in 2005 (Fig. 3) . Fungicide application significantly increased LAI of both cultivars in 2005 and in cultivar Chinese in 2004. However, without fungicide, the LAI of cultivar Chinese declined rapidly and was lowest when compared with Manipinter. (Fig. 4) . In 2005 only, for both cultivars, LI was higher with fungicide application than without fungicide application. With fungicide application, the late maturing cultivar Manipinter had similar LI as that of early maturing Chinese cultivar. However, without fungicide application, cultivar Chinese had significantly lower LI than Manipinter. 
TDW
Overall, fungicide application significantly increased TDWs by 46, 52 and 78 % at 65, 83 and 120 DAS, respectively, in 2004 (Table 3) . Similarly, fungicide application enhanced TDW by 84 and 136 % at 89 and 124 DAS in 2005. As expected, fungicide effects on total dry matter became progressively larger later in the season, consistent with progressive disease effects on unsprayed treatments (Table 3 ; Fig. 5 ). The main effects of cultivar on TDW were increasingly evident after 60-70 DAS. Long-duration cultivar Manipinter produced greater TDW at 83 and 120 DAS, in 2004, and at 75, 89 and 124 DAS in 2005 , when compared with short-duration cultivar Chinese.
In 2004, TDW was significantly greater at high sowing density than at low sowing density at 33, 51, 65 and 120 DAS and also higher than that at medium sowing density at 51 and 120 DAS (Table 3 ). In 2005, TDW was higher at high sowing density compared with low sowing density at 46, 57 and 124 DAS, while TDW at medium density was higher than that at low density only at 57 DAS. There were no significant effects of interactions between the treatments across all sampling dates.
Yield
There were significant effects of fungicide and sowing density on haulm, pod and seed yields and TDW at maturity in both years (Table 4 ; Fig. 6 ). Fungicide treatment almost doubled haulm, pod, seed yield and total dry matter accumulation when compared with unsprayed control (xF treatment). The effects of cultivar were significantly different in both years. Long-duration cultivar Manipinter produced significantly greater haulm, pod, seed yield and total dry matter than the short-duration cultivar Chinese. Haulm, pod and seed yield and total dry matter were less at low sowing density when compared with medium or high sowing density (Table 4) . However, there were no differences between medium and high sowing density in haulm, pod and seed yield and total dry matter at maturity.
There were no interactions between fungicide application, cultivar and sowing densities on haulm, pod, seed or TDWs in both years. The interaction between fungicide and cultivar was significant (P< 0 . 05) for haulm yield only. In 2005, there was significant interaction (P<0 . 05) between fungicide and sowing density on pod yield (Fig. 6) . With fungicide application, the medium and high sowing densities (Table 4) . Overall, the short-duration cultivar Chinese had higher PHI (0 . 45 and 0 . 48 in 2004 and 2005, respectively) when compared with long-duration cultivar Manipinter (0 . 32 and 0 . 35, in 2004 and 2005, respectively) . There was no influence of sowing densities or interaction between various treatments on PHI, with an exception of cultivar by density interaction (P<0 . 05) and between fungicide by cultivar by density interaction (P<0 . 05) in 2005. The cultivar by density interactions suggests that there was no effect of sowing density in long-duration cultivar Manipinter, whereas in short-duration cultivar Chinese the highest population density resulted in significantly lower PHI (0 . 46) when compared with medium (0 . 49) or low (0 . 52) sowing densities.
DISCUSSION
There was severe occurrence of leafspot disease in both years as evident by disease scores based on the visual symptoms. Typical symptoms of both early and late leafspot disease, as described by Subrahmanyam et al. (1992) , appeared at 25-28 DAS in non-sprayed plots. Early leafspots are brown to reddish in colour and always have a yellow halo; they mostly form on the upper surface of the leaf, giving it a slightly raised surface (Subrahmanyam et al. 1992; Nutter & Shokes 1995) . Late leafspots are dark brown to black in colour, do not have a yellow halo and mostly form on the lower surface of the leaves, giving it a rough and tufted appearance (Subrahmanyam et al. 1992; Nutter & Shokes 1995) . On average, the severity of disease with no fungicide was slightly higher in 2004 (disease score of 6 . 8 and proportional defoliation of 0 . 63) compared with 2005 (disease score of 6 . 5 and proportional defoliation 0 . 60). This was attributed to wet weather ; more rain in 2004 ( periods of humidity and leaf wetness, which results in greater disease Butler et al. 1994; Nutter & Shokes 1995) . Fungicide was effective in controlling leafspot disease, as shown by the low disease scores (2 . 3) and proportional defoliation (0 . 7) when compared with non-sprayed plots (Fig. 2) . Overall in the present study, application of fungicide significantly increased LAI and LI throughout the growing season and increased total dry matter by 107 % and pod yields by 95 % (Table 4 ). In general, the fungicide-induced increases in LAI were greater later in the growing season, associated with reduced defoliation. There were strong positive relations between LI, LAI and pod yield (Fig. 7) . Similarly, there were strong negative relations between disease scores, defoliation and pod yield (Fig. 8) . This improved knowledge can be used for developing or improving existing disease models. However, the decline in yield was more rapid (steeper) than the loss of leaf area and LI, implying also leafspot-induced reduction in photosynthetic effectiveness of remaining foliage. This suggests the need to understand the precise mechanisms of photosynthetic effectiveness as affected by disease and also the mechanisms by which fungicide maintains green leaf area duration and its effectiveness. Previous research has shown that the reduction in pod yield due to the occurrence of leafspot is mainly attributed to leaf loss and reduced LAI due to defoliation (Boote et al. 1980; Subrahmanyam et al. 1992 ; Adomou et al. 2005) , which decreases LI by crop canopies. The effect of necrotic spots on the photosynthesis of remaining leaves may be an important mechanism of a minor additional component of yield loss Bourgeois & Boote 1992; Adomou et al. 2005) . The severe decrease in yields in 2004, despite only moderately decreased LAI and LI, suggests that decreased photosynthesis of remaining leaves is an important mechanism. However, an additional consideration is that the instrumentation used for measuring LI in the present study would also perceive stems and petioles and dead leaves as LAI, thus minimizing the measured effects of green LAI loss. The yield responses to fungicide application in the present study are similar to those obtained in previous research (Naab et al. 2005) and similar to that of other researchers in Africa and elsewhere (Smith & Littrell 1980; Kanniyan & Haciwa 1990; ICRISAT 1991; Waliyar et al. 2000) .
There were differences in disease scores, mainstem defoliation, growth and dry matter production of cultivars under both fungicide-sprayed and nonsprayed environments (Figs 2 and 6) . Averaging across all treatments, the late maturing cultivar Manipinter produced significantly more total dry matter and pod yields compared with the early maturing cultivar Chinese. The present data show that the longduration cultivar yielded better under both disease and disease-free environments, but especially under disease conditions. This is also evident in disease scores and defoliation data -which show that, without fungicide, cultivar Manipinter has relatively less disease and defoliation across all densities (Fig. 3) . However, there is no evidence of true resistance in this cultivar, as the disease was severe in places (disease scores >5). The greater yields obtained by the long-duration cultivar may be due to longer growing season and relatively prolonged leaf area production, which give it a type of ' tolerance' to leaf spot disease by leaf replacement, as Pixley et al. (1990 b) reported. Since groundnut is an indeterminate crop, a longer growing season or extended leaf production sometimes compensate for yield losses caused by biotic and abiotic stresses. Recent research has also shown evidence of true resistance to leaf spot disease (Subrahmanyam et al. 1982; Pixley et al. 1990 a, b ; Dwivedi et al. 2002; Stalker et al. 2002; Singh et al. 2003) . Research is presently under way to identify and/or develop cultivars that can produce greater yields in regions having high leafspot disease pressure. The present data show that disease scores and main-stem defoliation in the short-duration cultivar Chinese were significantly greater than those of the long-duration cultivar Manipinter even in fungicidetreated plots. This could be attributed to the upright Spanish habit of cultivar Chinese which could result in lower penetration of fungicide, thus resulting in more disease even under sprayed conditions. In contrast, the prostrate nature of Manipinter (Virginia type) may have resulted in better canopy coverage under the same spraying conditions.
The lowest dry matter production and yields were observed in lowest sowing density (8 plants/m 2 ) when compared with medium (12 plants/m 2 ) and high (20 plants/m 2 ) sowing densities (Tables 3 and  4 ). There were no differences between the medium and high densities for most traits, particularly under fungicide-sprayed conditions, suggesting that medium density may be optimal for obtaining high pod yields (Fig. 6 ). Sowing at the medium density increased pod yields by 10 and 8 % when compared with the low sowing density, in 2004 and 2005, respectively. The longer-duration cultivar Manipinter planted at high density with fungicide application resulted in the highest pod yield (Fig. 6 ). However, with no fungicide, medium-sowing density of the long-duration cultivar Manipinter resulted in higher yields than the short-duration cultivar at the same density (Fig. 6) . This suggests that, in general, longerduration cultivars produce higher yields. This research provides new knowledge not only on the importance of fungicide application, cultivar selection and sowing density on peanut disease progress and peanut yield, but also on the need for integrating these effects.
In conclusion, the present research suggests that fungicide application increased pod yield by 95 %, and the long-duration cultivar Manipinter had 23 % higher pod yield than cultivar Chinese. Sowing densities of 20 v. 12 v. 8 plants/m 2 gave an additional 12 and 23 % pod yield increase in these trials. However, because the quality of seeds available to farmers is often poor, a sowing density higher than the 5-8 plants/m 2 typical of farmer fields may be warranted.
